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Neurological diseases (ND) afflict hundreds of millions of people worldwide and constitute 12% of total deaths of 
the population all around the world. According to a global study conducted by the World Health Organization, 8 
out of 10 disorders in the 3rd highest disability classes are neurologic problems. Commonly they have disabling 
consequences, compromising severely the quality of the life of affected subjects. Often therapeutic strategies are 
limited in efficacy. Limitations lie with the enormous fragility of the so complex structure and functions 
accomplished by the central nervous system, together with the presence of the barrier between the tissue and the 
blood limiting the penetration of drugs. For these reason new strategies to protect the brain are essential. One 
way might be the enhancement of local biomolecular mechanisms (metabolizing enzymes, transporters, etc.). 
However, increasing evidence underline that our knowledge of the brain is still partial, and information cannot 
simply be derived from other well-known organs such as the liver. This is the case for the brain cytochrome P450 
enzymes, showing differential cellular localization, brain regional expression and modulation. 
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Neurological diseases (ND) afflict hundreds of millions of 
people worldwide and constitute 12% of total deaths of the 
population all around the world [1]. 
Cytochrome P450 enzymes (Cyps) are a heme-containing 
superfamily of detoxifying enzymes, responsible also for the 
bio activation of a large spectrum of endogenous molecules 
and xenobiotic such as antibiotics, steroid, fatty acids, 
vitamins, among others [2-4]. Largely present in liver, they are 
erroneously considered expressed low in the CNS (1-5% of 
liver) [5]. Consistent with the enormous heterogeneity of the 
brain (in cell type, distribution, functions, architecture, etc.), 
bCyps levels are cell/region specific [3], and their localized 
expression may reach levels similar or higher than in the 
hepatocytes [6-8]. In addition, it is recognized that different, 
specific Cyps genes are expressed in the neural tissue, and 
that their regulation should differ from the modulation in 
peripheral tissue. For their particular characteristics, brain 
Cyps sustain essential neurotrophic and neuroprotective 
functions, regulate the neurotransmitters level (such as the 
endogenous GABA-A receptor agonists), maintain the 
cholesterol and the cerebral blood flow homeostasis, act on 
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retinoid clearance and control the temperature [9;10]. 
Moreover, they act in drugs or chemicals 
activation/degradation and the development of specific 
neurological diseases (ND) [11] (Table 1).  
For instance, Cyp2D7 that metabolizes codeine to 
morphine, a potent analgesic, is present in brain with an 
alternative splicing not present in liver [12]. Cyp2A3 is 
induced by β-naphthoflavone in liver, but not in astrocytes 
cells [13]. Similarly, smoke induces both brain, but not 
hepatic, CYP2D6 [14] and CYP2B6 [15]. Moreover, brain CYP 
modulation may be strictly region and cell specific, 
influencing, or even causing, pathological consequences. 
This is the case of nicotine and ethanol induction of brain 
CYP2D6 (Fig 1). Nicotine induces the enzyme in the 
substantia nigra, putamen, brainstem, and only in selected 
cells of the cerebellum, frontal cortex and hippocampus [16]. 
This upregulation negatively affects learning and memory by 
one side [17;18] by  the other side, the CYP2D6 induction 
protects against Parkinson’s disease (PD), and extends the 
effect of levodopa, a common drug for treatment in PD [16]. 
On the contrary, the exposure to pesticides together with 
Table 1. brain Cyps's substrates and their association with neurological pathologies 
Numbers indicate the different brain Cyps. TDCC:2,3,7,8-tetraclhorodibenzo-p-diossine; MCA: 
3-methylcholanthrene; ΒNF: beta-Naphtoflavone; DEET = N,N-diethyl-m-toluamide; MPTP = 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; DHEA: Dehydroepiandrosterone; PD: Parkinson’s Disease. 
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reduced CYP2D6 activity increases the recurrence of PD 
[19,20]. Similarly, poor metabolizers (due to CYP2D6 genetic 
variants) suffer for increased anxiety and impulsivity [21;22], 
which could be justified by lower levels of endogenous 
dopamine or 5 –hydroxytriptamine; it has not been purposely 
declared if that could be explained by lower receptor levels, 
justified by genetic predisposition or due to the previously 
stated CYP2D6 variants [9]. Schizophrenic patients if are 
Cyp2D6 poor metabolizers may suffer from lack of efficacy 
when treated with clozapine, aripiprazole, olanzapine and 
thioridazin, all substrates for the enzyme [21,23]. Ethanol 
specifically induces CYB2D6 in CA1-3 pyramidal cells and 
dentate gyrus granular neurons (hippocampus) and Purkinje 
cells (cerebellum). These cells/brain areas are known to be 
damaged by alcohol [24]. Cyp3A4 in hippocampus is induced 
by drugs used for the temporal lobe epilepsy, with possible 
side effects such as mental and reproductive disorders, acting 
on sexual hormone metabolism [25].  
With respect to the above mentioned these underlines 
three essential points. First, the relevance of brain Cyps in 
CNS homeostasis, second their association in the ND and 
third, the potential to use them as therapeutic targets for 
neuroprotection.  
Taking into account these considerations, recently we 
assayed the use specific brain Cyps (Cyp1A1, 1A2, 
2A3=2A6 in human) to confer in situ (CNS) resistance to 
bilirubin, an endogenous potentially neurotoxic molecule 
displaying a strong topography of damage (cerebellum the 
most damaged area) [13]. The Cyp1A and 2A subfamily are 
largely expressed in liver, where they are able to metabolize 
bilirubin when hepatic glucoronidation is deficient, reducing 
blood concentration and consequently decreasing the risk of 
developing neurological consequences [26-29]. The same Cyps 
are also expressed in neurons and glial cells, and most 
important, prone to be modulated in astrocytes [8;30] making 
them a potential therapeutical tool. To upregulate the Cyps 
expression and increase the bilirubin clearance, we used a 
powerful hepatic Cyps inducer (β-naphthoflavone - BNF). 
This approach allowed us to prove the dual role of bilirubin 
as brain Cyps inducer and substrate, and to improve bilirubin 
clearance and increase cell viability [13]. However, the 
behavior (mRNA expression, activity, mechanisms of action) 
of the brain Cyps we analyzed was strongly different among 
different Cyps (Cyp1A1, 1A2 and 2A3) and region specific. 
First, differently from hepatic Cyps, Cyp2A3 was not 
modulated by BNF, and thus barely efficient in the 
metabolite clearance. Cyp1A1, was upregulated in both 
cortex (after 6H from BNF exposure) and cerebellum 
astrocytes (after 24H), and effective in bilirubin oxidation, 
but only after uncoupling by the “pollutants” 3, 4, 
3′,4′-tetrachlorobiphenyl (TCB). As proposed by Schelzinger 
and Zaccaro, the uncoupling of Cyps from the respiratory 
chain increase the reactive oxygen species (ROS) and in turn 
oxidize bilirubin [27,31]. Despite oxidative stress is usually 
Figure 1. brain Cyps expression and specific induction in the CNS. Numbers 
indicate the different brain Cyps. NI: Nicotine Induced; CSNI: Cell Specifically Nicotine 
Induced. CSEtI: Cell Specifically Induced by Ethanol. 
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considered part of the damaging mechanisms, ROS 
production was unexpectedly not only tolerated but even 
beneficial (improving viability) in our model. What is more, 
we identified the Cyp1A2 as the most relevant brain Cyps in 
lowering the bilirubin cell concentration without need of 
uncoupling [4,32]. Unfortunately, an appropriate Cyp1A2 
modulation was reached only in cerebral cortex (24H), 
confirming again that brain Cyps modulation is region, cell 
type and inducer specific.  
What mentioned before outline the need of a better 
understanding of how to achieve a region-specific 
modulation of the target genes to uses it as a possible 
therapy. However, more and more evidence underline that 
our knowledge of the brain is still partial, and information 
cannot simply be derived from peripheral organs (such as 
liver), it needs to be evaluated specifically in the CNS for 
each pathology.  
The difference in timing and extent of bCyp modulation 
between cortex and cerebellum we observed may be 
explained in several ways. First, most of CYPs are regulated 
by nuclear receptors bearing to the AhR (aryl hydrocarbon 
receptor), CAR (constitutive androstane receptor), PXR 
(pregnane X receptor) and RXR (retinoid X receptor) 
families (reviewed in [33]). Due to the complexity of the CNS, 
they should be differentially (region/cell type specifically) 
expressed [34-38], making bCYPs in one region more prone to 
induction than in another area. Second, and more specifically 
for our study, the differential behavior may be due to a 
different maturational stage of the two regions [39,40] which 
again could influence the level of expression (thus the 
activity) of the pathway involved in bCyp modulation [41,42]. 
Third, strictly looking at the therapeutic goal, different 
metabolic kinetics might be explained also by the presence of 
mRNA splicing variant influencing the substrate specificity 
[43,44]. 
The existence of the blood brain barrier may limit the 
availability/efficacy of the inducer(s). To overcome this 
issues, a more detailed knowledge of the signaling pathway 
available (to modulation) in each area of the brain must be 
acquired. Due to their essential role in brain homeostasis, the 
subtle modulation of bCyps activity should be limited in 
time, allowing the reversal of the effect to the physiological 
activity in order to limit the potential side effects [14].  
Overall, our data emphasize the increasing importance of 
knowledge about bCyps modulation in pharmacological and 
toxicological implications for cerebral drug metabolism, in 
order to use them as an important tool to increase brain 
resistance to neurological diseases. 
Conflict of Interest: 
This statement is to declare that there are not conflicts of 
interest about this Ms. and that the supporting agencies did 
not play any role in the study. The Ms. has been read and 
approved by all the authors. The material has never been 
published, and is not under consideration elsewhere.  
Acknowledgement: 
We thanks the Italian Liver Foundation for supporting 
S.E.G., S.G. and C.T., and the U12GPRESID11 for 
supporting R.M. 
References 
1. Menken M, Munsat TL, Toole JF. The global burden of disease 
study: implications for neurology. Arch Neurol 2000; 57:418-20. 
2. Dutheil F, Beaune P, Loriot MA. Xenobiotic metabolizing 
enzymes in the central nervous system: Contribution of 
cytochrome P450 enzymes in normal and pathological human 
brain. Biochimie 2008; 90:426-36. 
3. Haining RL and Nichols-Haining M. Cytochrome P450-catalyzed 
pathways in human brain: metabolism meets pharmacology or old 
drugs with new mechanism of action? Pharmacol Ther 2007; 
113:537-45. 
4. Iba MM, Storch A, Ghosal A, Bennett S, Reuhl KR, Lowndes HE. 
Constitutive and inducible levels of CYP1A1 and CYP1A2 in rat 
cerebral cortex and cerebellum. Arch Toxicol 2003; 77:547-54. 
5. Warner M, Kohler C, Hansson T, Gustafsson JA. Regional 
distribution of cytochrome P-450 in the rat brain: spectral 
quantitation and contribution of P-450b,e, and P-450c,d. J 
Neurochem 1988; 50:1057-65. 
6. Strobel HW, Thompson CM, Antonovic L. Cytochromes P450 in 
brain: function and significance. Curr Drug Metab 2001; 
2:199-214. 
7. Miksys S, Hoffmann E, Tyndale RF. Regional and cellular 
induction of nicotine-metabolizing CYP2B1 in rat brain by 
chronic nicotine treatment. Biochem Pharmacol 2000; 59:1501-11. 
8. Kapoor N, Pant AB, Dhawan A, Dwievedi UN, Seth PK, Parmar 
D. Cytochrome P450 1A isoenzymes in brain cells: Expression 
and inducibility in cultured rat brain neuronal and glial cells. Life 
Sci 2006; 79:2387-94. 
9. Ferguson CS and Tyndale RF. Cytochrome P450 enzymes in the 
brain: emerging evidence of biological significance. Trends 
Pharmacol Sci 2011; 32:708-14. 
10. Hedlund E, Gustafsson JA, Warner M. Cytochrome P450 in the 
brain; a review. Curr Drug Metab 2001; 2:245-63. 
11. Seliskar M and Rozman D. Mammalian cytochromes 
P450--importance of tissue specificity. Biochim Biophys Acta 
2007; 1770:458-66. 
12. Pai HV, Kommaddi RP, Chinta SJ, Mori T, Boyd MR, 
Ravindranath V. A frameshift mutation and alternate splicing in 
human brain generate a functional form of the pseudogene 
cytochrome P4502D7 that demethylates codeine to morphine. J 
Biol Chem 2004; 279:27383-9. 
Therapeutic Targets for Neurological Diseases 2015; 2: e598. doi: 10.14800/ttnd.598; © 2015 by Sabrina E. Gambaro, et al. 
http://www.smartscitech.com/index.php/ttnd 
 
Page 5 of 6 
 
13. Gambaro SE, Robert MC, Tiribelli C, Gazzin S. Role of brain 
cytochrome P450 mono-oxygenases in bilirubin oxidation-specific 
induction and activity. Arch Toxicol 2014, Epub ahead of print. 
DOI 10.1007/s00204-014-1394-4. 
14. Yue J, Miksys S, Hoffmann E, Tyndale RF. Chronic nicotine 
treatment induces rat CYP2D in the brain but not in the liver: an 
investigation of induction and time course. J Psychiatry Neurosci 
2008;.33:54-63. 
15. Miksys S, Lerman C, Shields PG, Mash DC, Tyndale RF. 
Smoking, alcoholism and genetic polymorphisms alter CYP2B6 
levels in human brain. Neuropharmacology 2003;.45:122-32. 
16. Mann A, Miksys S, Lee A, Mash DC, Tyndale RF. Induction of 
the drug metabolizing enzyme CYP2D in monkey brain by 
chronic nicotine treatment. Neuropharmacology 2008; 
55:1147-55. 
17. Singer S, Rossi S, Verzosa S, Hashim A, Lonow R, Cooper T et 
al. Nicotine-induced changes in neurotransmitter levels in brain 
areas associated with cognitive function. Neurochem Res 2004; 
29:1779-92. 
18. Rossi S, Singer S, Shearman E, Sershen H, Lajtha A. Regional 
heterogeneity of nicotine effects on neurotransmitters in rat brains 
in vivo at low doses. Neurochem Res 2005; 30:91-103. 
19. Elbaz A, Levecque C, Clavel J, Vidal JS, Richard F, Amouyel P et 
al. CYP2D6 polymorphism, pesticide exposure, and Parkinson's 
disease. Ann Neurol 2004; 55:430-4. 
20. McCann SJ, Pond SM, James KM, Le Couteur DG. The 
association between polymorphisms in the cytochrome P-450 2D6 
gene and Parkinson's disease: a case-control study and 
meta-analysis. J Neurol Sci 1997; 153:50-3. 
21. Penas-LLedo EM, Dorado P, Pacheco R, Gonzalez I, LLerena A. 
Relation between CYP2D6 genotype, personality, neurocognition 
and overall psychopathology in healthy volunteers. 
Pharmacogenomics 2009; 10:1111-20. 
22. Dubovsky SL. The usefulness of genotyping cytochrome P450 
enzymes in the treatment of depression. Expert Opin Drug Metab 
Toxicol 2015;1-11. 
23. Suzuki T, Mihara K, Nakamura A, Kagawa S, Nagai G, Nemoto K 
et al. Effects of genetic polymorphisms of CYP2D6, CYP3A5, 
and ABCB1 on the steady-state plasma concentrations of 
aripiprazole and its active metabolite, dehydroaripiprazole, in 
Japanese patients with schizophrenia. Ther Drug Monit 2014; 
36:651-5. 
24. Miksys S, Rao Y, Hoffmann E, Mash DC, Tyndale RF. Regional 
and cellular expression of CYP2D6 in human brain: higher levels 
in alcoholics. J Neurochem 2002; 82:1376-87. 
25. Killer N, Hock M, Gehlhaus M, Capetian P, Knoth R, Pantazis G 
et al., Modulation of androgen and estrogen receptor expression 
by antiepileptic drugs and steroids in hippocampus of patients with 
temporal lobe epilepsy. Epilepsia 2009; 50:1875-90. 
26. De Matteis F, Dawson SJ, Pons N, Pipino S. Bilirubin and 
uroporphyrinogen oxidation by induced cytochrome P4501A and 
cytochrome P4502B. Role of polyhalogenated biphenyls of 
different configuration. Biochem Pharmacol 2002; 63:615-24. 
27. Zaccaro C, Sweitzer S, Pipino S, Gorman N, Sinclair PR, Sinclair 
JF et al. Role of cytochrome P450 1A2 in bilirubin degradation 
Studies in Cyp1a2 (-/-) mutant mice. Biochem Pharmacol 2001; 
61:843-9. 
28. Abu-Bakar A, Arthur DM, Wikman AS, Rahnasto M, Juvonen 
RO, Vepsalainen J et al. Metabolism of bilirubin by human 
cytochrome P450 2A6. Toxicol Appl Pharmacol 2012; 261:50-8. 
29. Abu-Bakar A, Moore MR, Lang MA. Evidence for induced 
microsomal bilirubin degradation by cytochrome P450 2A5. 
Biochem Pharmacol 2005; 70:1527-35. 
30. Morse DC, Stein AP, Thomas PE, Lowndes HE. Distribution and 
induction of cytochrome P450 1A1 and 1A2 in rat brain. Toxicol 
Appl Pharmacol 1998; 152:232-9. 
31. Schlezinger JJ, White RD, Stegeman JJ. Oxidative inactivation of 
cytochrome P-450 1A (CYP1A) stimulated by 
3,3',4,4'-tetrachlorobiphenyl: production of reactive oxygen by 
vertebrate CYP1As. Mol Pharmacol 1999; 56:588-97. 
32. Gazzin S, Zelenka J, Zdrahalova L, Konickova R, Zabetta CC, 
Giraudi PJ et al. Bilirubin accumulation and Cyp mRNA 
expression in selected brain regions of jaundiced Gunn rat pups. 
Pediatr Res 2012; 71:653-60. 
33. Miksys SL, Uhl K, Tyndale RF. Twenty-first-century 
neuroscience: the potential for innovative therapies for brain 
disorders. Clin Pharmacol Ther 2012; 91:153-7. 
34. Filbrandt CR, Wu Z, Zlokovic B, Opanashuk L, Gasiewicz TA. 
Presence and functional activity of the aryl hydrocarbon receptor 
in isolated murine cerebral vascular endothelial cells and 
astrocytes. Neurotoxicology 2004; 25:605-16. 
35. Kainu T, Gustafsson JA, Pelto-Huikko M. The dioxin receptor and 
its nuclear translocator (Arnt) in the rat brain. Neuroreport 1995; 
6:2557-60. 
36. Mellon SH, Gong W, Schonemann MD. Endogenous and 
synthetic neurosteroids in treatment of Niemann-Pick Type C 
disease. Brain Res Rev 2008; 57:410-20. 
37. Moreno S, Farioli-Vecchioli S, Ceru MP. Immunolocalization of 
peroxisome proliferator-activated receptors and retinoid X 
receptors in the adult rat CNS. Neuroscience 2004; 123:131-45. 
38. Huang P, Rannug A, Ahlbom E, Hakansson H, Ceccatelli S. Effect 
of 2,3,7,8-tetrachlorodibenzo-p-dioxin on the expression of 
cytochrome P450 1A1, the aryl hydrocarbon receptor, and the aryl 
hydrocarbon receptor nuclear translocator in rat brain and 
pituitary. Toxicol Appl Pharmacol 2000; 169:159-67. 
39. Altman J and Das GD. Autoradiographic and histological studies 
of postnatal neurogenesis. I. A longitudinal investigation of the 
kinetics, migration and transformation of cells incorporating 
tritiated thymidine in neonate rats, with special reference to 
postnatal neurogenesis in some brain regions. J Comp Neurol 
1966; 126:337-89. 
40. Sawasaki Y, Yamada N, Nakajima H. Developmental features of 
cerebellar hypoplasia and brain bilirubin levels in a mutant (Gunn) 
rat with hereditary hyperbilirubinaemia. J Neurochem 1976; 
27:577-83. 
41. Williamson MA, Gasiewicz TA, Opanashuk LA. Aryl 
hydrocarbon receptor expression and activity in cerebellar granule 
neuroblasts: implications for development and dioxin 
neurotoxicity. Toxicol Sci 2005; 83:340-8. 
42. Mann A, Miksys SL, Gaedigk A, Kish SJ, Mash DC, Tyndale RF. 
The neuroprotective enzyme CYP2D6 increases in the brain with 
age and is lower in Parkinson's disease patients. Neurobiol Aging 
2012; 33:2160-71. 
Therapeutic Targets for Neurological Diseases 2015; 2: e598. doi: 10.14800/ttnd.598; © 2015 by Sabrina E. Gambaro, et al. 
http://www.smartscitech.com/index.php/ttnd 
 
Page 6 of 6 
 
43. Turman CM, Hatley JM, Ryder DJ, Ravindranath V, Strobel HW. 
Alternative splicing within the human cytochrome P450 
superfamily with an emphasis on the brain: The convolution 
continues. Expert Opin Drug Metab Toxicol 2006; 2:399-418. 
44. Fitting S, Zou S, Chen W, Vo P, Hauser KF, Knapp PE. Regional 
heterogeneity and diversity in cytokine and chemokine production 
by astroglia: differential responses to HIV-1 Tat, gp120, and 
morphine revealed by multiplex analysis. J Proteome Res 2010; 
9:1795-804. 
 
